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ABSTRACT 


The  Mg26 (a,ny) Si29  reaction  has  been  used  to  study  the  low-lying 
states  of  Si29,  in  particular  the  first  odd  parity  level  which  occurs 
at  3e62  Mev,  The  3,62  Mev  state  had  previously  been  ascertained  to  have 
a  spin  of  5 / 2  or  7 7 2  from  the  characteristic  £=3  stripping  curve  for 
the  protons  from  the  reaction  Si28 (d ,p) Si29 ,  The  present  experiment 
concludes  that  the  spin  is  1 1 2.* 

The  results  of  the  experiment  are  interpreted  in  lieu  of  the 
predictions  of  the  nuclear  model  which  is  found  to  be  most  applicable 
to  Si29,  the  Nilsson  generalized  single  particle  model,  A  spin  assign¬ 
ment  of  7 / 2  to  the  3,62  Mev  state  implies  an  oblate  shape  for  Si29 
and  also  for  the  rotational  core,  Si28,  It  has  previously  been  found 
that  Al28  possesses  a  prolate  shape,  hence  the  nuclear  deformation 
changes  sign  in  the  mass  region  at  A=28c 
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CHAPTER  I 


lo  1  The  Experimental  Problem  and  Procedure 

In  general 9  the  principal  objective  of  low  energy  nuclear  spectroscopy 
is  to  gather  significant  information  relating  to  the  physical  properties  of 
nucleic  Once  sufficient  data  regarding  some  properties  have  been  accumulated , 
the  theoretical  predictions  of  the  various  models  originated  to  describe 
these  physical  properties  must  be  compared  with  the  experimental  data,  result¬ 
ing  in  either  a  confirmation  or  rejection  of  a  particular  model  to  describe  a 
given  nucleus o  It  may  be  possible  in  the  future  that  a  complete  mathematical 
description  of  the  physical  properties  of  all  nuclei  will  be  encompassed  in 
some  unified  model  but  at  present  several  distinct  models  are  required  to 
explain  the  spectroscopic  features  of  the  low-lying  states  in  nucleic 

The  essence  of  the  present  experiment  is  to  examine,  by  means  of  ang¬ 
ular  distribution  and  correlation  techniques ,  the  nucleus  Si29,  and  in  par¬ 
ticular  to  measure  the  spin  of  the  first  odd  parity  state  which  occurs  at 
3062  Mev0  The  results  of  the  experiment  will  then  be  compared  with  the  pre¬ 
dictions  of  the  model  found  to  be  particularily  applicable  to  the  mass  reg¬ 
ion  A-25  (Li  58),  the  rotational  collective  model,  or  as  is  sometimes  referr¬ 
ed  to  when  the  nucleus  consists  of  an  extra  nucleon  outside  an  even-even 
core,  the  Nilsson  generalized  single  particle  model0  Previous  experimental 
evidence  will  be  presented  which  confirms  the  relevance  of  the  rotational 
model  to  the  A*=29  system  and  which  does  not  support  the  application  of  two 
other  models  which  might  be  expected  to  have  some  significance  in  describing 
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the  Si29  nucleus o  They  ares 

(1)  The  extreme  single  particle  model  which  has  been  found  to  be  especially 
amenable  in  describing  the  properties  of  nuclei  near  the  magic  numbers 0 

(2)  The  vibrational  model  which  exhibits  collective  effects  similar  to  the 
rotational  model 0 

A  further  elaboration  of  these  models  will  be  given  in  1030 

The  reaction  employed  to  study  the  3062  Mev0  level  of  Si29  was 
Mg2 10 (a9ny) Si29  and  the  analysis  was  carried  out  using  the  angular  distrib¬ 
ution  formulas  given  in  method  2  (Li  60)  and  which  are  developed  in  1020 
In  this  reaction  a  compound  state  in  Si90  is  formed  which  subsequently  de¬ 
cays  g  via  neutron  emission  to  the  residual  states  of  Si290 

A  triple  correlation  is  specified  by  first  defining  the  beam  direction 
as  a  reference  axis  and  then  measuring  the  correlation  of  the  gamma  ray9  in 
coincidence  with  neutrons 9  with  respect  to  this  axis 0  Since  the  orbital 
angular  momentum  of  the  neutrons  is  perpendicular  to  their  direction  of 
motion,  the  orbital  magnetic  quantum  number  is  zero  for  neutrons  detected 
along  the  axis  defined  by  the  beam  direction,.  The  magnetic  substates  of  the 
residual  states  in  Si29  which  are  then  populated  will  not  exceed  the  vector 
sum  of  the  remaining  angular  momenta  involved  in  the  reaction,  that  is  the 
intrinsic  spins  of  the  incident  particle  and  neutron9  and  the  ground  state 
spin  of  the  target  nucleus 0  In  this  particular  reaction,  in  which  an  even- 
even  nucleus  is  bombarded  with  the  spinless  alpha  particle,  and  assuming  a 
point  neutron  detector  located  on  the  beam  axis,  only  the  m=±l/2  magnetic 
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substates  of  the  residual  state  will  be  populated,,  If  the  spin  of  the  re¬ 
sidual  state  is  greater  than  ' i 1%  one  can  then  expect  an  anisotropic  dis¬ 
tribution  of  gamma  radiation  about  the  beam  axis  because  the  residual 
state  has  unequally  populated  magnetic  substares  and  hence  is  effectively 
aligned o  Under  actual  experimental  conditions „  the  neutron  detector  which 
is  located  on  the  beam  axis,,  subtends  a  finite  solid  angle  from  the  source 
and  the  population  of  higher  substates  may  be  effected „  The  probability 
of  occupation  however 9  decreases  as  the  magnetic  quantum  number  increases „ 

The  3062  Mev  state  in  Si2^  decays  to  a  lower  state  of  spin  and  par- 

c  + 

ity  3/2  at  2o03  Mev„  by  the  emission  of  a  1„59  Mev„  gamma  rayD  Holt  and 
Marsham  (Ho  53)  have  studied  the  3062  Mev0  state  with  the  stripping  reac¬ 
tion  Si’-'8(dsp)Si290  They  found  a  characteristic  stripping  curve  for  the 
protons  corresponding  to  3^=3,,  which  restricts  the  spin  assignment  to  the 
3062  Mev0  level  to  either  5 / 2  or  V2  with  odd  parity,, 

A  theoretical  analysis  carried  out  prior  to  the  experiment  revealed 
an  important  consideration,,  namely  that  theoretical  curves  for  the  angular 
distribution  of  the  1„59  radiation  could  be  drawn  for  the  tvro  possible 
spin  assignments  0  In  general  this  would  not  be  possible  since  in  addition 
to  the  population  parameters  being  unknown,,  there  is  an  additional  undet¬ 
ermined  quantity,,  the  mixing  ratio  6  (the  square  of  which  gives  the  ratio 
of  quadrupole  to  dipole  intensity)  0  In  general,,  the  probability  of  emiss¬ 
ion  of  multipole  radiation  diminishes  rapidly  as  the  multipole  order  in¬ 
creases  0  For  the  case  of  an  E1-M2  mixture,,  as  would  occur  for  the  i„59 
radiation,,  and  the  non-violation  of  such  selection  rules  as  isotopic  spin 
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and  K-s  elect  ion  p  which  might  inhibit  the  El  component  of  radiation,,  the 
mixing  ratio  would  be  very  small 0  The  El  transition  from  the  first  odd 
parity  state  in  Ne20,  at  4097  Mevft  has  been  found  to  be  suppressed  by 
both  selection  rules  (No  63) ,  however  the  mixing  ratio  is  still  found  to 
be  small,  0o08  (Cl  61) 0 

The  two  theoretical  correlation  functions ,  corresponding  to  the  two 
possible  spins  for  the  3062  Mev0  state,  were  found  to  differ  markedly 0 
For  a  5/2  ^  transition,  the  correlation  intensity  reached  a  maximum 

at  0°  and  a  minimum  at  90°  with  a  ratio  of  almost  two  between  the  two  in¬ 
tensities  o  On  the  other  hand,  a  1 1 1  -*  5 j\  transition  indicates  an  inten¬ 
sity  maximum  at  90°  and  a  minimum  at  0°  with  a  similar  intensity  ratio 
between  the  two0  It  was  also  ascertained  that  even  allowing  for  a  subst¬ 
antial  mixing  ratio  (|6j<0o4)  and  the  population  of  the  m=±;!/2  magnetic 
substates e  the  predicted  correlation  for  a  5/2  spin  assignment  to  the 
3062  Meva  state  retains  a  strong  maximum  at  0°o 

The  comparison  of  the  experimental  results  with  the  predicted  corr¬ 
elation  is  thus  straight-forward  and  an  unambiguous  spin  assignment  to 
the  3062  Mev0  level  is  possible,,  Before  discussing  the  experimental  pro¬ 
cedure  and  results,  the  development  of  the  angular  distribution  formulas, 
from  which  the  theoretical  predictions  are  derived,  is  given  in  1020  Also, 
previous  experimental  data  regarding  the  physical  properties  of  nuclei  in 
the  mass  region  A=29  are  presented  and  discussed  from  nuclear  model  app¬ 
lications,  so  that  the  results  of  the  present  experiment  can  be  compared 


with  model  predictions 0 
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1,2  Angular  Distribution  Theory 

Two  types  of  formalism  can  be  utilized  to  describe  the  angular 
distribution  of  radiation  from  an  aligned  or  polarized  nucleus. 

1,  The  use  of  the  density  matrix  is  particularly  convenient 
when  the  behavior  of  statistical  ensembles  is  to  be 
considered.  This  method  is  especially  suitable  to  the 
study  of  polarized  radiation. 

2.  An  alternative  approach  is  to  expand  some  Hamiltonian,  which 
describes  the  interaction  between  the  radiation  and  the 
nucleus,  in  terms  of  rotation  matrices  and  angular  momentum 
coupling  coefficients.  The  square  of  the  matrix  element 

of  the  Hamiltonian  taken  between  the  initial  and  final  states 
will  give  the  probability  of  a  transition  between  the  states. 

It  is  the  latter  formalism  which  will  be  subsequently  developed. 

Assuming  that  an  aligned  nucleus  has  been  formed  in  a  nuclear 

reaction  as  a  result  of  unequally  populating  the  magnetic  substates  of 

a  given  state,  then  the  total  angular  distribution  of  gamma  radiation 

from  this  state  is  given  by  the  product  of  the  distribution  from  the 

mt^1  magnetic  substate  W  (0)  and  the  population  of  that  substate  P(m.), 

m  l 

summed  over  all  possible  magnetic  substates. 

W(0)  =  l  PCti^)  W  (0) 
m^ 


Considering  the  probability  of  emission  of  radiation  at  an  angle  0, 
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specified  with  respect  to  some  axis  usually  defined  by  the  incident 
beam,  one  can  write  an  analogous  equation  to  the  above.  Denoting  the 
probability  of  emission  by  W(0,c),  where  c  is  the  polarization  of  the 
radiation,  then 

W(6c)  “  l  PCm-jO  |  <  jimi  |  H  |  jf  mf  >  |2  (1) 

mi 

mf 

The  squared  matrix  element  gives  the  probability  of  a  transition 
from  some  initial  state  (  j^  m^  |  to  a  final  state  |  jf  mf)  .  The 
Hamiltonian  describing  the  interaction  between  the  emitted  radiation 
and  the  nucleus  can  be  written  in  the  form: 

H  -  l  “lm  <c)  tm  (2) 

LM 

Here  the  a^(c)  are  functions  of  the  polarization  of  the  emitted  radiation 
only,  and  the  T^  represents  the  components  of  a  tensor  operator  of 
degree  L  operating  on  the  wave  function  describing  the  nucleus.  It 
should  be  noted  that  for  no  mixing  of  different  multipolarities  of 
radiation,  no  summation  over  L  is  required.  If  we  now  consider  a  rotation 
of  the  coordinate  system  through  the  Euler  angles  a,  3,  and  y»  the  tensor 
operator  will  transform  by 

tm  ■  l  tl  DuM  (a*6>Y) 
y 


(3) 


^  i  b  •  ,-u  ?  co  a -to.*  o?  3-  ■  j  dalv  i  r  t’  ^aqo 
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where  D„(a,8,Y)  is  the  rotational  matrix*  In  the  particular  case 

pH 

when  the  radiation  is  emitted  at  some  angle  0  with  respect  to  a  quanti¬ 
zation  axis,  the  rotational  matrix  becomes  DL  (0,0,0), 

pM 


Substituting  equation  (3)  into  (2)  gives 


H  -  I  aLM  (c)  T *  DL  (0,6,0)  (4) 

LM  pM 

Putting  the  Hamiltonian  of  (4)  into  the  matrix  elements  of  (1),  and 

utilizing  the  fact  that  the  nuclear  states  are  dependent  only  on  the 

mP 

tensor  operator  T  ,  one  has 


W(6c)  -  l 
mf 


I  ?(»!)«„,  CO  0  (c)  DL  (0,0,0)  D1 '  (0,9,0) 

LMy  x  LM'  LM  p'M'  pM 

M*p* 


*  <jftnf  |  T^'  |  $±m±>  <jfmf  |  T}1  |  > 

L 

To  simplify  this  expression  it  is  necessary  to  consider  the  product  of 
two  rotation  matrices;  this  product  is  termed  the  Clebsch-Gordon  series 
and  it  can  be  written  in  the  following  form. 

DL  D,Lf  -  £  (LLpp '  |  m)  Dk  (LLM  M’  |  KM*)  (5') 

pm  pM  m’m 


Also,  the  two  matrix  elements  appearing  in  (5)  can  be  related  to  the 


•  * 
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product  of  a  Clebsch-Gordon  coefficient  and  an  M  independent,  reduced 
matrix  element  with  the  use  of  the  Wigner-Eckhart  theorem.  Denoting  a 


general  matrix  element  by  (x'J’M*  |  |  xJM)  where  the  t  represents  any 

quantum  numbers  other  than  J  or  M,  the  theorem  states 


(t'J'M'ItJ1  |  xJM)  -  (2J  +  1)  1/2  (JLMy  |  J’M'  )  (x'J’  | |  t£  | |  xj) 


(5”) 


The  reduced  matrix  element,  which  contains  no  M  dependence  and  hence  is 
independent  of  the  geometry  involved,  will  not  affect  the  angular 
distribution  of  the  emitted  radiation  and  thus  can  be  dropped  from 
further  considerations.  Substituting  the  right  hand  sides  of  5' 
and  5"  into  equation  5  yields  the  following  expression  for  the  angular 
distribution  of  the  polarized  radiation. 


W(9c)  "  l  l  l  PCnOoC  (c) 
mt  MM*  k  LM 

n»f  yy' 


a  (c)  D  .(0,9,0) 
LM 


m 

_  i 

m 


X  (LLyy '  |  km  )  (LLMM'  |  km  ' )  (JiLmi-y'  |  jfmf) 


x  (jiL  mi  -  y  |  j  f  mf) 


(6) 


The  summation  over  some  of  the  magnetic  quantum  numbers  is  carried 
out  in  the  appendix  and  the  distribution  function  takes  the  simplified 


form 


W(e,c)  -  l  (-l)k+Ji_mi  Ckm(LL)  W(jf  Ji  Lk,  L  jt)  p  (m*) 

k,Tn 


<Ji  Ji  mi-mi  |  k0)  D01n (0,6,0) 


X 


(7) 


s  11.1%  *70:  .3  3ii  ’•  '  t!> 


■jalusn*  srii  it:  ioli  *-nr*x9  jjnlvolio  j  3  C  nolini^s  o: 
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The  Racah  coefficient  W ( j f j j  Lie;  L  j^)  represents  the  coupling  of 
three  angular  momenta;  the  spins  of  the  initial  and  final  states  of  the 
nucleus,  denoted  by  j ^  and  j.p  respectively,  and  the  angular  momentum  of 
the  emitted  radiation.  Specifically,  the  Racah  coefficient  is  given  by 


W(jf  j±  L  k;  L  jt)  -  l 


2  j  j+j  f+m+nij 

(-1)  (2j1+l) 


/2  , 

(2Lifl)  '  (jf  j  j  mf  mj  |  Lm)  (j.,- jj;  tn^Wi  |  km) 


K  (jft  Wf  m  j  j^)  (LL 


mm 


km) 


(8) 


The  C.  (LL)  is  termed  the  radiation  parameter  and 

Htn 


is  given  by 


C.,  (LL)  -  l  «  (c)  a  (c)  (UM'-H  |  km)  (9) 

M,M'  LM  LM 


This  parameter  depends  upon  the  type  of  radiation  emitted  and  if 
no  mixing  occurs  for  the  radiative  transition,  the  Clebsch-Gordon 
coefficient  has  the  property 


(LLM’-M  |  km)  =  0 


unless  m  «  0 


Thus  the  radiation  parameter  can  be  written  asC,Q(LL) 


where 


CkO(LL>  (-1)L’M  (LIM-M  |  kO)  f  (c)  “  (c) 

M  1  LM  LM 


1 .  •  - 


«*  r-  i  u  ...  •  -  .  • 
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If  the  observed  distribution  of  radiation  from  the  aligned  nucleus  is 
summed  over  the  two  possible  polarization  states  of  the  radiation, 
the  directional  distribution  function,  when  polarization  is  not  con¬ 
sidered,  becomes 

W(6)  -  l  W(0c)  =  l  2(-l)k  C  0(LL)  PCitij)  (jijj  mi-mi  |  kO) 
c  k 

X  W(JfJi  L  k;  Lj i)  Dk0 (0,0,0)  (10) 

To  proceed  to  a  usable  formula  for  the  angular  distribution,  the  radia¬ 
tion  parameter,  in  particular  the  polarization  dependent  part  given 
by  the  aT..,  must  be  considered  in  further  detail „  To  do  this,  it  is 
necessary  to  consider  a  polarized  wave. 

The  equation  describing  a  polarized  wave  propagating  along  the  ?z' 
axis  of  a  Cartesian  coordinate  system  is  written 

E=E0  ei(kz-^) 

A  spherical  wave  can  be  best  described  with  the  use  of  spherical  base 
vectors,  which  are  related  to  the  triad  of  unit  vectors  of  the  Cartesian 
system  by 

X+1  -  -  <i  +  i-  3) 

A 

Xo  *  k 

X— !  '  /if  (i  -  i  j) 


•  •  ' 
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The  spherical  base  vector  x+i  can  arbitrarily  be  chosen  to  describe 
the  amplitude  of  a  right  circularily  polarized  wave  of  electric  char¬ 
acter  and  the  spherical  base  vector  x_j  will  then  represent  a  left 
circularily  polarized  wave0  In  general  a  polarization  vector,  denoted 
by  £,  can  be  written  in  terms  of  two  components  Oj  and  £9  „ 

£  =  £1  el*£2  e2 

The  ei  and  £2  are  orthogonal  unit  vectors  which  are  also  perpendicular 
to  the  direction  of  motion0  £1  represents  the  component  of  £  in  the 
ei  direction  and  £2  gives  the  component  of  £  in  the  direction  specified 
by  e2»  It  is  further  required  that  [ a  1 j  +  1 02 1  =  10  One  can  now 

express  the  a’s  in  terms  of  £1  and  £9  0 

1 

aLi(E)  =  x+1  =  -  (£1  +  ia2) 

1 

aL-i(E)  =  £-1  =  fl  (-1  “  i-2) 

To  find  the  corresponding  magnetic  multipolarities  one  must  employ  the 

i  P£ 

condition  that  E(E)  and  E(M)  differ  in  phase  by  e  "  where  the  indices 
refer  to  electric  and  magnetic  character  respectively  and  P  is  the 
polarization  of  the  radiation0  Thus 

1 

au(M)  =  i  aLl  (E)  =  (£2  “  i£l> 

1 

aL-i  =  “i  aL-l  (M)  =  “  /f  (£2  +  i£l) 
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Recalling  that  the  radiation  parameter,  ckQ(LL),  is  proportional 
to  the  product  of  the  d s  and  using  the  previous  formulas  (9)  for  the 
two  types  of  radiation  it  is  now  possible  to  evaluate  this  product  by 
summing  over  the  two  circular  polarization  states, 

14  Electric  radiation;  C  *  a  (E)  a  (E)  +  a  (E)  a  (E) 

k  LI  LI  L-i  L-i 

I  .2  |  | 2  , 

«  I  CTi  |  +  |  02  I  =1 


20  Magnetic  radiation; 


By  a  similar  procedure,  one  also  finds 

i  1 2  i 

for  magnetic  radiation,  |  a  i  |  +  |  a  2 


Thus  when  polarization  is  not  being  considered  one  finds  that  C^q(LL) 
assumes  the  simple  form 


Cko(LL)  ■  X  (-15 

M 


L-M 


(LLM-M  |  kO) 


where  the  sum  extends  over  the  two  polarization  states  M  =  +  1, 


Ck0(LL)  =  (-1)L_1  (LL  1-1  |  kO)  +  (-1)L+1(LL  -  1  1  |  kO) 


(ID 


The  phase  relationship  between  the  two  Clebsch-Gordon  coefficients  is 


2L-k 


(LL  1  -  1  |  kO)  =  (-1)  (LL  -1  1  |  kO) 
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Thus  one  finally  gets 

Ck0(LL)  =  (-D^CLL  1-1  |  kO)  +  (_DL+1+k“2L  (LL  laml  |  k0) 

«  |  (-1)L_1  +  (-l)k“(L_1)|  (LL  1-1  |  kO)  (12) 

Upon  inspection  of  the  bracketed  term  one  finds  that  for  odd  k  the  term 
is  identically  zero,  hence  only  summations  over  even  k  will  occur. 


Previously  we  had 


w(0)  =  l  (-1) 


Ck0(LL)  M(jfj±  L  k;  L  j±) 


(10) 


p(®i)  (iiii  I  kO)  Dq o  (0,9,0) 


Inserting  the  expression  for  the  radiation  parameter  into  (10)  and 
noting  that  the  rotation  matrix  is  related  to  the  spherical  harmonic 
by 


Doo<°.e»0> 


4tt 

2k+l 


Y°  (0  0) 


4tt 

2k+l 


2k+l 

4tt 


P,  (cos0) 
k 


=  Pk  (cos0) 

The  directional  distribution  of  gamma  radiation  from  an  aligned  nucleus 
becomes 

W (0)  =  £  (LL  1-1  |  kO)  (jji  mi-mi  |  kO)  P(m±) 

k 

even 


x 


W(jfj.  L  kj  L  j±)  Pk(cos0) 


(13) 
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The  Racah  coefficient  can  be  grouped  with  one  of  the  Clebsch-Gordon 
coefficients  to  form  a  new  tabulated  coefficient,  denoted  Z j  by  Sharp 
(Sh  54) ,  vizualize 

Z i  (L  L'  i±;  jf  k)  =  R  [  iL ' ’  -L+,I+k  [(2L+l)(2L'+l)(2j1+l)(2jj+l)] 

x  (LL’  1-1  |  kO)  WdJi  L'  j^;  jf  k)j 

where  R  denotes  the  "real  part  of"  and  tt  is  zero  for  electric  radiation 
and  unity  for  magnetic  radiation0  Substituting  the  Zj  coefficient 
into  (13)  gives 

WLL*  ^  =  £  C"1)3  P(n>i)  ( j  i  j  i  mi -mi  |  kO) 

k*mi 

x  Z j  (L  jiL’  ji?  jf  k)  Qk  Pk(cos0) 

where  a  =  j^+m^  +  L  +  L*  +  ~ 

The  Qk  is  a  correction  term  to  be  applied  because  of  the  finite  solid 
angle  subtended  by  the  gamma  counter  (Ro  53) „  The  2\  coefficient 
(Sh  54),  the  Clebsch-Gordon  coefficient  (Se  54)  and  the  Qk  (Da  54)  have 
all  been  tabulated. 

When  two  radiations,  Lj  and  L2,  are  present  in  the  transition  the 
angular  distribution  becomes 

W(0)  -  W  (0)  +  2  6  W  (0)  +  62  W  (0)  (15) 

L}Li  L2L2 


1/2 


15 


The  coefficients  for  different  spin  combinations,  based  on  (15), 
have  been  given  previously  (Pr  65) 0  The  unknowns  in  the  angular 
distribution  formula  are  the  population  parameters  and  the  mixing 
ratio o  The  angular  distribution  obtained  by  experiment  is  usually 
written  in  terms  of  normalized  a2  and  at*  coefficients 

W(0)  =  1  +  a2P2(c°s6)  +  a4  P4 (cos0)  +  0  0  .  (16) 

If  the  number  of  unknowns  in  (13)  is  two  or  less,  an  experimental 
determination  of  a2  and  a4  will,  in  general,  be  sufficient  to 
unambiguously  solve  for  the  unknowns.  It  is  sometimes  possible  to 
make  assumptions  regarding  the  mixing  ratio  and  hence  to  reduce  the 
number  of  unknowns.  The  comparison  of  the  theoretical  angular  dis¬ 
tributions,  based  on  (13),  for  the  two  possible  spins  of  the  3,62  state 
of  Si29  with  the  measured  distribution  and  correlation  will  be  given 


in  Chapter  IV. 
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1.3  Nuclear  Model  Aspects 

The  nucleus  of  Si29  is  composed  of  14  protons  and  15  neutrons.  It 
might  be  expected,  a  priori,  that  the  extreme  single  particle  model  would 
have  some  relevance  in  describing  the  spectroscopic  features  of  Si29,  par¬ 
ticularly  if  the  nucleus  of  Si28  forms  an  inert  core.  The  single  neutron 
outside  the  core  could  then  be  in  the  ld3/2~2s1/2  shell  with  corresponding 
angular  momentum  assignments  of  3/ 2  and  V2  to  the  first  two  states  in  Si29. 
One  finds  however,  that  the  assumption  of  the  14  protons  and  14  neutrons  of 
Si28  forming  an  inert  core  is  erroneus  (Fr  61).  Indeed  states  of  Si28  exh¬ 
ibit  collective  effects  which  can  be  attributed  to  a  permanent  equilibrium 
deformation  of  the  nucleus,  Bromley  (Br  57)  has  applied  the  single  particle 
model  to  Si29  and  finds  the  following  discrepancies  between  the  model  pred¬ 
ictions  and  experimental  results. 

(1)  The  theoretical  gamma  ray  transition  probabilities,  computed  by  Moszk- 
owski  (Mo  54)  for  the  single  particle  model  are  not  in  accord  with  branch¬ 
ing  ratio  measurements  made  by  Bromley, 

(2)  The  predicted  nuclear  magnetic  moment  on  the  basis  of  the  single  part¬ 
icle  model  is  -1.91  nuclear  magnetons  whereas  the  experimental  result  has 
been  found  to  be  -0.56  n.m.  (Br  57). 

(3)  The  experimentally  determined  log  ft  value  of  >  6.5  for  the  Beta  decay 
of  Al29  to  Si29  is  not  explained  by  this  model. 

(4)  On  the  basis  of  the  single  particle  model,  the  transition  from  the  d3/2 
state  to  the  s1^  state  is  forbidden,  however  the  experimental  results  ob¬ 
tained  by  Bromley  indicates  that  an  appreciable  component  of  Ml  radiation  is 
present  in  the  transition. 


< 
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Bromley  also  considers  the  possible  application  of  the  vibrational 
collective  model  in  this  mass  region,  in  particular  to  Si28.  In  this  model 
the  nuclear  shape  is  assumed  to  undergo  vibrational  oscillations  about  some 
spherical  shape.  Bohr  (Bo  53)  has  shown  that  a  level  sequence  of  0+2+(0+2+4+) 
is  predicted  by  this  model  and  also  2<E2/Ei<2.5  where  and  E2  are  the 
energies  of  the  first  two  excited  states.  Although  Si28  has  E2/E^-2.5  no 
evidence  for  the  closely  spaced  triplet  (0+2+4+)  has  yet  been  found. 

An  application  of  this  model  to  Si29  has  been  made  by  Pandya  (Pa  61). 
His  choice  of  parameters  for  the  particle-core  coupling  strength  and  the 
energy  difference  between  the  d3/2  and  5^2  states  yields  reasonable  values 
for  the  energy  spectrum  of  the  low-lying  states  of  Si29,  however  there  is 
poor  agreement  with  experimental  results  with  regard  to  the  nuclear  magnet¬ 
ic  moment  of  Si29  and  the  log  ft  value  for  the  Beta  decay  of  Al29  to  Si29. 
Thus  it  appears  that  neither  the  single  particle  nor  the  Vibrational  coll¬ 
ective  models  are  particularily  relevant  in  describing  nuclei  in  the  mass 
region  of  A-28,  It  has  been  previously  mentioned  that  Si28  possesses  a  per¬ 
manent  deformation  which  would  give  rise  to  collective  effects.  Litherland 
(Li  5g)  has  made  a  thorough  study  of  the  mirror  nuclei  Al25  and  Mg25  and 
has  ascertained  that  the  low-lying  levels  in  these  nuclei  are  of  a  rotat¬ 
ional  origin. 

A  study  of  P29,  the  mirror  nucleus  of  Si29,  has  been  carried  out  in 
this  lab  ( Da  65)  using  the  reaction  Si28 (d,n)P29 .  The  results  indicate  that 
the  Nilsson  generalized  single  particle  model  best  explains  the  spectrosc¬ 
opic  features  of  P29, 


< 
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This  model  has  been  applied  to  P31  (Da  6 .^)f  and  although  the  rotation¬ 
al  -particle  coupling  is  appreciably  weaker  than  in  the  A=25  system,  there 
is  sufficient  evidence  to  support  rotational  collective  behavior  up  to  A=31, 

Rakavy  (Ra  57)  has  suggested  that  nuclei  in  the  d5/2  shell  will  exh¬ 
ibit  rotational  characteristics,  the  strength  of  the  rotational-  particle 
coupling  being  most  prominent  in  the  middle  of  the  shell „  This  would  embr¬ 
ace  nuclei  in  the  mass  region  from  A=l6  to  A=28.  Thus  it  appears  reasonable 
that  Si25  should  exhibit  rotational  behavior  with  intermediate  strength 
particle-core  coupling.  Before  applying  this  model  to  Si29,  the  energy  level 
diagram  fig  1,1,  illustrates  the  known  spectroscopic  features  of  the  lower 
energy  levels  of  Si29, 

Strong  evidence  supporting  the  rotational  model  is  given  by  the  bran¬ 
ching  ratio  measurement  (Br  57)  on  the  2o03  Mev  level  which  decays  by  a  di- 

\ 

rect  ground  state  transition  and  also  via  the  1,28  Mev  level.  The  latter 
transition  involves  an  E2-M1  mixture,  the  former  is  pure  E2»  Experimental 
results  (Br  57)  reveal  that  approximately  99  %  of  the  decay  is  directly  to 
ground  state.  The  rotational  model  predicts  E2  enhancement  fop  transitions 
between  members  of  the  same  band,  A  diagram  of  the  energy  levels  of  the 
Nilsson  model  (Ni  55)  is  given  in  figure  1.2  and  illustrates  the  levels  as 
a  function  of  the  spheroidicity  (departure  from  spherical  shape) . 

Two  quantum  numbers  which  are  employed  in  this  model  are  denoted  by 
K  and  ft  where  K  is  the  projection  of  the  total  angular  momentum  on  the  nuc¬ 
lear  symmetry  axis  and  ft  is  the  projection  of  the  intrinsic  particle  ang¬ 
ular  momentum  on  this  axis.  The  model  assumes  a  permanent,  symmetrical 
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Fig,  1,1  The  Low  Lying  Energy  Levels  of  Si 
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Oblate  shape 


Prolate  shape 


Nuclear  Spheroidicity 


Fig.  1.2,  Energy  levels  of  the  Nilsson  model  as  a  function  of  C 
for  d-s  shell  nuclei.  The  single  particle  states  upon 
which  the  numbered  Nilsson  orbits  are  based,  are  given 


on  the  £*=0  axis  (Ni  55)  , 
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nuclear  distortion,  denoted  by  £,  and  the  aspects  are  manifested  in  the 
rotational  motion  of  the  entire  nucleus  about  an  axis  perpendicular  to  the 
symmetry  axis.  The  collective  levels  are  then  built  on  the  single  particle 
states  which  are  given  on  the  C»0  axis  of  the  Nilsson  diagram,  fig.  1.2. 

Two  possibilities  exist  for  the  lower  levels  of  Si29;  the  ground  state  def¬ 
ines  a  K=* / 2  band  (Nilsson  orbit  9)  and  the  1,28  and  2,03  levels  are  the 
3/ 2  and  b/£  members  of  this  band  -  alternatively  the  2,03  and  2.43  levels 
can  be  considered  as  the  5/^  and  3 /\  members  of  the  band.  The  latter  poss¬ 
ibility  leaves  the  1,28  level  as  the  base  for  a  K=3/2  rotational  band  (Nil¬ 
sson  orbit  8) ,  The  two  possible  sequences  correspond  to  prolate  and  oblate 
shapes  respectively.  The  assignment  of  an  oblate  shape  to  Si29  leads  to  the 
first  odd  parity  state,  at  3.62  Mev,  being  assigned  a  spin  of  7/ 2  (see  fig. 
1.2).  On  the  other  hand  a  prolate  shape  predicts  */ 2  for  the  spin  of  the 
first  odd  parity  state.  If  however,  the  spheroidicity  is  positive  and  small 
(C<0.1),  the  ^ / 2%  3/2»  anc*  5/ 2  states  are  sufficiently  close  in  energy  so 
that  overlapping  is  possible  and  the  3/2  or  5/2  states  could  lie  at  a  lower 
energy  than  the  V 2  state.  The  measurement  of  the  spin  of  the  3,62  Mev  level 
could  possibly  distinguish  between  the  two  shapes.  A  result  of  7/ 2  for  the 
spin  of  the  level  would  be  conclusive  proof  for  an  oblate  assignment  to  Si29 
since  for  a  prolate  shape  there  is  no  possible  mechanism  whereby  a  spin  of 
7/2  would  appear  before  the  lower  spin  states.  On  the  other  hand  a  result 
of  5/ 2  for  the  spin  of  the  3,62  Mev  state,  while  still  favoring  an  oblate 
shape,  would  not  be  conclusive  if  the  spheroidicity  is  small.  Bromley  (Br  57) 
presents  some  evidence  which  indicates,  but  does  not  confirm,  an  oblate 
shape  for  Si29  with  C--0.15.  One  exception  to  the  evidence  favoring  an  ob¬ 
late  assignment  is  the  previously  mentioned  branching  ratio  of  the  2.03  Mev 
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state  which  decays  predominately  to  the  ground  state,,  This  discrepancy  for 
an  oblate  shape  can  be  removed  if  one  considers  band  mixing  (Ma  61)  in  which 
case  a  term  of  the  f orm  XJ°  j  is  added  to  the  rotational  Hamiltonian0 

Here  J  and  j  are  the  respective  angular  momenta  of  the  core  and  single  par¬ 
ticle  and  £  is  the  moment  of  inertia  of  the  core0  This  operator  connects 
bands  where  AK*=1  (and  also  connects  two  K=V2  bands)  ,  In  the  case  of  an 
oblate  assignment  to  Si29  the  operator  would  mix  the  states  originating  from 
the  K*1/2  band,  based  on  the  ground  state,  with  the  states  of  the  K=3/2 
band,  based  on  the  1„28  level. 

In  summary,  the  nucleus  Si29  is  best  described  by  a  collective  model 
with  rotational  like  behavior  and  which  appears  to  have  it's  greatest  app¬ 
licability  to  the  A=25  system  with  relevance  up  to,  at  least,  A=31,  The 
core,  composed  of  14  protons  and  14  neutrons,  has  a  permanent,  symmetrical 
deformation.  Experimental  evidence  indicates  that  the  spheroidicity  is  neg¬ 
ative  which  implies  oblate  shape.  The  single  neutron  then  moves  in  the  fi¬ 
eld  of  the  core  and  the  various  states  originate  from  the  rotational  core¬ 


particle  coupling. 
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CHAPTER  II 

2,1  Experimental  Equipment  and  Procedure 

(a)  Accelerator  and  Target  Room 

The  6  Mev  Van  de  Graaff  electrostatic  accelerator,  located  at  the 
Nuclear  Research  Centre,  University  of  Alberta,  was  used  to  accelerate  the 
alpha  particles  which  initiated  the  Mg26  (a,ny)  Si29  reaction,,  The  beam  ene¬ 
rgy  is  stabilized  by  means  of  slits  which  are  located  immediately  follow¬ 
ing  a  90°  analyzing  magneto  The  slits  are  connected  to  a  corona  stabilizer 
near  the  upper  terminal  of  the  accelerator,  the  slit  signals  controlling 
the  corona  drain  from  terminal  to  ground.  The  analyzed  beam  then  passes 
through  the  straight-through  port  of  a  switching  magnet  (used  for  slight 
steering  of  the  beam),  and  a  quadrupole  lens  which  acts  as  a  focusser. 
Definition  of  the  beam  is  obtained  from  vertical  and  horizontal  slits  which 
follow  the  lens,  and  a  lead  collimator  placed  approximately  one  foot  from 
the  target.  The  target  itself  is  located  in  an  aluminum  target  chamber  and 
can  be  varied  in  height  and  angle.  The  target  chamber  is  positioned  over 
the  centre  of  a  correlation  table,  upon  which  the  detectors  are  placed.  An¬ 
gular  detector  positions,  in  steps  of  15°,  have  been  marked  on  the  table. 
Figure  2,1  illustrates  the  experimental  apparatus  which  is  located  in  the 
target  room, 

(b)  Detectors 

The  neutron  detector  used  in  this  experiment  is  a  liquid  scintillator 

IV 

type*,  of  dimensions  1V2  in  diameter  and  length,  and  is  mounted  on  a  Phi¬ 
llips  56-AVP  photo-multiplier.  This  detector  has  three  outputs,  a  fast  out¬ 
put,  a  linear  output,  and  a  pulse  shape  discriminator  output,  the  latter 
producing  an  output  pulse  only  for  incident  neutrons. 


*  Model  NE-5553B  Nuclear  Enterprises,  Winnipeg  Man, 
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Figure  2,1  Target  Room  Equipment 
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The  axis  of  the  cylindrical  neutron  detector  is  perpendicular  to  the 
beam  axis  and  is  located  6  cms.  from  the  target e  The  height  of  the  midpoint 
of  the  liquid  scintillator  is  25  cmse  above  the  correlation  table.  The  pos¬ 
itioning  of  the  detector  above  the  table  was  done  in  order  to  facilitate 
the  movement  of  the  gamma  detector  through  two  quadrants,  hence  any  anis¬ 
otropy  in  the  angular  distribution  pattern  due  to  table  misalignment,  would 
be  observable.  Within  statistical  error,  no  such  anisotropy  was  found.  In 
this  scheme,  the  neutron  detector  intercepts  gamma  radiation  for  gamma 
detector  positions  of  0°  and  15°,  with  respect  to  the  beam  axis,  and  atten¬ 
uation  correction  factors  must  be  applied  to  the  experimental  data  for  these 
angles  (Corrections  2.2-b). 

The  principal  gamma  detector*  used  was  a  3"  by  3"  Nal  crystal  coup¬ 
led  to  a  54-AVP  Phillips  photo-tube.  Also  used  during  a  gamma-gamma  coin¬ 
cidence  measurement  was  a  2M  by  2M  Nal  crystal**  mounted  on  a  8S8  photo-tube. 
For  all  experimental  runs  the  front  surfaces  of  the  detectors  were  located 
15  cms.  from  the  target.  Figure  2.1  illustrates  the  correlation  table  and 
detectors . 

(c)  Targets 

Two  Mg26  targets  were  used  in  the  course  of  the  preliminary  runs; 
one  of  loading  90  ugms./cm?  and  the  other  of  loading  200  ugms./cm2  Both 
targets  had  a  0.005"  gold  backing.  Because  the  yield  of  gamma  radiation  was 
low  the  thicker  target  was  used  for  all  experimental  runs. 

*  Model  "Scintibloc"  Quartz  et  Silice,  Paris, France. 

**  Harshaw  Integral  Line  Detector,  BS-454,  Cleveland,  Ohio 
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(d)  Electronics 
(1)  n-y  Coincidence 

Only  gamma  radiation  in  coincidence  with  neutrons  is  counted ,  the  in¬ 
cident  alpha  beam  specifying  a  reference  axis0  The  electronics  associated 
with  the  n-y  coincidence  are  shown  in  figure  2020 

The  circuits  which  carry  the  gamma  and  neutron  pulses  to  be  analyzed 
are  designated  by  Sg  and  Sn„  Each  system  contains  a  pre-amplifier  coupled 
to  a  double-delay  line  amplifier 0  The  bi-polar  output  pulses  from  the  amp¬ 
lifiers  are  delayed  by  variable  delay  lines*  which  are  adjusted  so  that  the 
slow  pulses  arrive  at  the  input  of  a  multi-channel  analyzer  (kicksorter) 
within  the  time  duration  of  a  gate  pulse  generated  by  the  fast  coincidence 
system0  In  this  experiment  a  1024  channel,  two  parameter,  pulse  height  anal¬ 
yzer**  was  usedo  The  kicksorter  was  programmed  in  the  2x512  mode,  so  that 
the  gamma  spectrum  to  be  analyzed  was  fed  into  the  first  512  channels,  unit 
A,  and  the  neutron  spectrum  into  the  second  512  channels,  unit  B0 

In  the  fast  coincidence  channel,  a  time  to  amplitude  converter  (TAC) 
receives  limited  and  amplified  pulses  which  originate  from  the  last  dynodes 
of  the  two  detectors,  labelled  Fg  and  Fn  in  figure  2020  The  essential  elem¬ 
ent  of  the  TAC  is  a  6BN6  gate  tube  which  has  two  input  grids 0  The  amplitude 
of  the  output  pulse  from  the  converter  depends  on  the  time  overlap  of  the 
two  grid  signals 0  The  output  signal  is  then  fed  into  a  single  channel 

*  Type  2011,  AD-YU  Electronics  Ltd0  Passaic  N0J0 

**  Model  CN-1024,  Technical  Measurement  Corp0  North  Haven,  Conn0 
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analyzer^  whose  window  width  can  be  adjusted  to  the  resolving  time  desired. 
For  the  n-y  coincidence  the  resolving  time  was  approximately  40  nano-seconds. 
The  discriminator  output  pulse  from  the  analyzer  then  passes  through  a  pulse 
shaping  circuit  which  produces  a  positive  pulse  of  10  volts  amplitude  and 
variable  width  (set  at  2,4  u-seconds  for  this  experiment).  To  ensure  that 
the  gate  pulse  is  only  due  to  neutrons  in  coincidence  with  gamma  rays  it  is 
necessary  to  demand  a  slow  coincidence  between  the  fast  channel  and  the 
neutron  pulse  from  the  pulse  shape  discriminator  circuit  of  the  neutron 
detector.  The  output  from  the  slow  coincidence  is  then  used  to  gate  units 
A  and  B  of  the  kicksorter.  The  neutron  pulses  from  the  pulse  shape  discri¬ 
minator  were  counted  by  a  scalar  and  used  as  a  monitor  for  the  experiment, 

(ii)  Angular  Distribution 

A  direct  angular  correlation  experiment,  termed  angular  distribution, 
was  also  undertaken.  In  this  experiment  no  coincidence  requirements  are  im¬ 
posed  on  the  gamma  radiation  and  the  fast  system  is  disabled  by  setting  the 
kicksorter  to  anti-coincidence, 

s  0 

(111)  y-y  Coincidence 

To  ensure  that  the  feeding  of  the  3,62  Mev  level  is  by  neutrons  only, 
and  not  cascade  radiation  from  the  4,08  Mev  level,  a  gamma-gamma  coincidence 
experiment  was  performed.  For  this  coincidence  the  gamma  spectrum  from  the 

■k 

3"x3"  Nal  crystal  is  analyzed  by  a  spectrum  sorter*  which  can  be  programmed 
to  select  from  1  to  8  bands,  set  around  the  gamma  photo-peaks  of  interest, 

*  General  Purpose  Coincidence  Unit,  EB-5076,(Go  60) 

* 

*  Model  245,  Technical  Measurement  Corp,  North  Haven,  Conn, 
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The  coincident  gamma  radiation,  detected  by  a  2"x2"  Nal  crystal,  are  routed 
into  the  appropriate  bands  depending  on  the  photo-peak  with  which  this  rad¬ 
iation  is  in  coincidence. 

For  the  y-y  coincidence  the  neutron  detector  is  replaced  with  the 
2Mx2"  gamma  detector.  The  pre-amplifier,  double-delay  line  amplifier,  and 
the  cross-over  pick-off  in  the  fast  neutron  channel  of  figure  2,2  are  rep¬ 
laced  by  a  limiter  and  amplifier.  The  spectrum  sorter  was  programmed  in  a 
2x512  mode  so  that  gamma  radiation  coincident  with  the  1,59  Mev  and  2,03  Mev 
gamma  radiation  would  fall  into  the  first  or  last  512  channels  of  kicksort- 
er  memory,  respectively.  The  two  gamma  detectors  were  located  in  different 
quadrants,  both  at  90°  with  respect  to  the  incident  beam  direction. 

The  results  of  the  y-y  coincidence  are  presented  in  the  preliminary 
results  (3,1  b) ,  A  y-y  correlation,  in  which  one  of  the  gamma  detectors 
would  be  varied  in  angular  position,  was  not  attempted. 

During  all  of  the  coincidence  runs  an  oscilloscope  was  used  for  mon¬ 
itoring  purposes  to  ensure  that  the  pulses  to  be  analyzed  by  the  kicksor- 
ter  arrived  within  the  time  duration  of  the  gate  pulse,  and  also  that  any 
electronic  malfunctions  would  be  immediately  detectable, 

2,2  Reaction  Considerations 
(a)  Kinematics 

The  kinematics  for  the  Mg26 (a,ny)Si2S  reaction  have  been  computed  for 
incident  alpha  energies  from  5,2  Mev  to  5,8  Mev,  The  following  table t 2,1, 
gives  the  energies  of  the  neutrons,  in  the  forward  direction,  which  feed 
the  residual  states  in  Si29  up  to  4,08  Mev, 
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Low 

Lying 

Energy  (Mev) 

Levels  Alpha  Energy  (Mev)  -* 


SJ29 

s  9 

*  /, 

5  5 

5  ,6 

S  7 

s  ft 

- 17  o  O 

Ground 

5,03 

5,13 

5,23 

5,32 

5,43 

5,52 

5,61 

lo  28 

3,70 

3,80 

3,89 

3,99 

4,08 

4,18 

4,28 

2,03 

2,91 

3,00 

3,10 

3,20 

3,29 

3,39 

3,49 

2,43 

2,48 

2,58 

2,68 

r". 

r^. 

o 

CSJ 

2,87 

2,97 

3.06 

3a07 

1,79 

1,89 

1,99 

2,08 

2,18 

00 

CSJ 

o 

CM 

2,38 

3,62 

1,18 

1,28 

1,38 

1,48 

1,58 

1,68 

1,78 

4,08 

0,65 

0,76 

0,86 

0,96 

1,06 

1,17 

1,27 

Table  2,1  Neutron  Energies  in  the  Forward  Direction 
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The  kinematics  of  competing  reactions  have  also  been  considered,,  For 
the  other  two  isotopes  of  Magnesium,  Mg24  with  80%  natural  abundance  and 
Mg25  with  10%  natural  abundance,  the  Q  values  for  a  (a,n)  reaction  are  -7,2 
Mev  and  +2  07  Mev,  respectively,,  Only  the  Mg25(a,n)  reaction  is  possible  at 
the  alpha  energies  encountered  in  the  present  experiment,  however  no  yield 
from  this  reaction  was  seen0 

In  the  angular  distribution  experiment,  the  reaction  Mg26 (a,p)Al 29 , 
with  a  Q  value  of  -2„86  Mev,  could  contribute  a  lo40  Mev  gamma  ray  for  a 
ground  state  transition  from  the  first  excited  state  in  Al29„  No  such  tran¬ 
sition  was  observed o 

Due  to  Carbon  buildup  on  the  target,  the  inelastic  scattering  react¬ 
ion  C12(a8a)Ci2  is  possible,,  This  scattering  process  yields  a  prominent  ga¬ 
mma  ray  of  4„43  Mev  energy  and  will  contribute  to  the  background  of  the 
angular  distribution  runs„  The  Carbon  buildup  is  minimized  by  a  Carbon  trap 
which  is  located  near  the  target  (fig„  201)0 

(b)  Corrections 

(1)  Gamma  ray  attenuation  by  the  neutron  detector 

This  correction  must  be  applied  to  the  n-y  correlation  when  the  gamma 
detector  is  located  at  0°  or  15® „  The  intensity  of  gamma  radiation,  with 
the  neutron  detector  in  and  out  of  position,  was  measured  both  during  the 
experiment  and  also  with  a  radio-active  source,  Na22„  The  following  corr¬ 
ection  factors,  table  2„2,  were  found  for  the  prominent  gamma  rays  obser¬ 


ved  in  the  reaction,, 
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Ey  (Mev) 

0°  Correction 

15°  Correction 

1,28 

1.14 

1.08 

1.59 

1.12 

1.05 

1,79 

1.11 

1.04 

2.03 

1.10 

1.02 

2.43 

1.07 

1.02 

Table  2,2  Correction  Factors 


(11)  Solid  angle  corrections 

Since  the  gamma  detector  occupies  a  finite  solid  angle,  a  correction 
must  be  applied  to  the  measured  distribution  and  correlation.  The  theory 
for  the  solid  angle  corrections  has  been  considered  by  Rose  (Ro  53),  who 
has  denoted  the  correction  factors  by  Qk.  Tables  of  Qk  for  different  source 
to  detector  distances,  and  different  gamma  ray  energies,  have  been  given 
by  Davisson  (Da  54)  and  Yates  (Ya  65) , 


The  Qk  are  defined  by; 


/•TT 


» 

7T 


pk(coseK(e) 


P0 (cos0) £ (B) 


sin  0df3 


sin  BdS 


where  6  is  the  angle  between  the  propagation  direction  of  the  gamma  ray 
and  the  crystal  axis,  and  5(0)  is  the  efficiency  of  the  gamma  detector 
in  detecting  this  gamma  ray. 
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Table  203  lists  the  relevant  for  a  source  to  detector  distance 
of  15  eras. 


Gamma  Energy  (Mev)-> 


1028 

1059 

1079 

2  o  03 

20A3 

V 

O097 

0o97 

Oo97 

0  o  97 

0  097 

II 

O' 

0o90 

0o90 

0  o90 

0o90 

0o90 

Table  203  Solid  Angle  Corrections 
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CHAPTER  III 

3„1  Preliminary  Results 

(a)  Yield 

The  3062  Mev  state  in  Si29  is  first  excited  for  an  incident  alpha 
energy  of  401  Mev0  Litherland  (Li  60)  has  measured  the  yield  of  the  1059 
Mev  radiation  which  is  emitted  from  this  state,  for  alpha  energies  from 
5  Mev  to  503  Mev0  His  yield  curve  for  the  1059  Mev  gamma  ray  is  compared 
with  the  result  obtained  in  the  present  experiment,  which  covered  the 
range  of  incident  alpha  energies  up  to  505  Mev,  in  figure  3010  Both  curves 
show  a  resonance  at  about  5023  Mev,  and  in  addition,  the  present  experim¬ 
ent  indicates  a  further  resonance  corresponding  to  a  bombarding  energy 
of  5051  Mev, 

In  figures  302  and  303,  singles  spectra  taken  at  the  two  resonance 
points  are  given0 

(b)  Gamma-Gamma  Coincidence 

At  both  resonances,  the  4C08  Mev  state  is  excited  and  it  is  necess¬ 
ary  to  ascertain  if  this  state  de-excites  to  the  3062  Mev  state  by  the 
emission  of  a  0o46  Mev  gamma  ray0  A  strong  cascade  transition  between  the 
two  levels  could  disturb  the  n-y  correlation  of  the  1059  Mev  radiation 
If  the  1059  gamma  ray  originated  from  such  a  cascade,  it  would  be  analyzed 
as  a  valid  coincidence  with  the  neutron  feeding  the  4o08  Mev  level , 

The  y-y  coincidence  measurement  was  performed  with  the  circuitry 

0*0 

described  in  section  201  (d) ,  (ill) 0 
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The  spectrum  sorter  was  used  to  set  a  gate  around  the  1059  Mev  photo 
peak  and  also9  for  comparison  purposes 9  another  gate  was  set  around  the 
2o03  Mev  photo-peako 

The  results  of  the  y-y  measurement  are  presented  in  figure  3040 

Referring  to  the  level  diagram  of  Si299  shown  in  figure  305„  gamma 
radiation  of  lo04  Mev  and  1059  Mev  energy  would  be  expected  to  be  in  time 
coincidence  with  the  20Q3  Mev  gamma  ray0 

The  experimental  results 9  figure  3 c4-p  show  distinct  peaks  at  lo04 
Mev9  1028  Mevp  and  1059  Mev0  The  appearance  of  the  1028  Mev  peak  is  due  to 
a  random  coincidence 9  which  was  confirmed  by  performing  an  experimental 
run  in  which  a  180  nano-second  delay  was  inserted  into  the  fast  neutron 
coincidence  channel 0 

In  the  1059  Mev  gated  spectrum9  prominent  peaks  occur  at  1028  Mev 
and  2o03  Mev0  with  a  small  peak  at  0C75  Mev0  The  weak  0o75  Mev  transition 
is  also  in  time  coincidence  with  the  1059  Mev  radiation0  The  le28  Mev  peak 
again  appears  as  the  result  of  a  random  coincidence0  In  addition9  since 
the  0C75  Mev  gamma  feeds  the  lc28  Mev  state9  which  has  a  lifetime  shorter 
than  the  resolving  time  of  the  electronics 9  a  true  time  coincidence  bet¬ 
ween  the  1059  gated  gamma  and  the  1028  Mev  gamma  ray  also  occurs 0  No  dist¬ 
inct  peaks  occur  in  the  energy  region  of  0o46  Mev;  however  the  possibility 
of  a  weak  transition  from  the  4o08  Mev  state  to  the  3062  Mev  state  is  not 
excluded « 

On  the  basis  of  the  y-y  coincidence  measurement  one  can  ascertain 
that  the  intensity  of  1059  radiation  produced  from  a  cascade  transition 
from  the  4o08  state  is  small  compared  with  the  intensity  of  1,59  radiat¬ 
ion  originating  from  neutrons  feeding  the  3062  Mev  state  from  Si30 
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In  figure  3,6  a  typical  gamma  ray  singles  spectrum  from  the  angular 
distribution  is  shown.  The  angular  distribution  was  run  at  the  5,23  Mev 
resonance. 

In  figure  3,7  a  neutron  gated,  gamma  ray  spectrum  is  presented.  The 
neutron-gamma  correlation  was  performed  at  an  incident  alpha  energy  of 
5051  Mev,  The  reasons  for  the  running  points  for  the  two  experiment  are 
given  in  the  following  paragraph. 

The  choice  of  the  lower  alpha  resonance  for  the  angular  distribution 
experiment  was  made  in  order  to  limit  the  neutrons  to  as  low  an  energy  as 
possible.  In  general,  the  neutrons  feeding  the  states  in  Si29  will  not  be 
pure  wave  and  mixtures  will  be  present.  For  example,  a  2+  resonance  in  Si30 
(which  Litherland  assumes  feeds  the  low-lying  positive  parity  states  in 
Si29)  will  decay  to  the  3,62  Mev  residual  state  in  Si29  with  the  emission 
of  p-wave  neutrons  and  possibly  an  admixture  of  f-wave  neutrons.  For  pure 
p-wave  neutrons,  only  the  m=±1/2*±3/2  magnetic  substates  could  be  popul¬ 
ated,  however  with  an  admixture  of  f-wave  neutrons,  the  magnetic  substat¬ 
es  up  to  m=s±7/2  could  be  populated.  Low  energy  neutrons  carry  a  low  angul¬ 
ar  momentum  and  for  Ea=5,23  Mev  the  neutrons  feeding  the  3,62  Mev  state 
have  an  energy  of  1,23  Mev  in  the  forward  direction  and  only  0,9  Mev  ene¬ 
rgy  in  the  direction  normal  to  the  beam  direction.  Because  of  the  low  neu¬ 
tron  energies  involved,  an  assumption  of  pure  p-wave  neutrons  feeding  the 
3,62  Mev  state  is  reasonable,  A  spin  of  3  for  the  compound  state  of  Si30 
would  entail  a  mixture  of  s-wave  and  d-wave  neutrons  feeding  the  3,62  Mev 
state, but  as  for  a  2+  resonance  in  the  compound  nucleus,  the  admixture  of 
the  higher  angular  momentum  neutrons  would  be  extremely  small. 
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Fige  3.6  Gamma  Ray  Singles  Spectrum  with  E  =5023  Mev 
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Fig  307  Neutron  Gated  Gamma  Ray  Spectrum.E  =5.51  Mev 
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The  angular  distribution  experiment  was  run  at  the  lower  alpha  resonance 
to  keep  the  neutron  energies  as  low  as  possible,, 

The  n-y  correlation  was  run  at  the  alpha  resonance  at  5,51  Mev, 

This  was  done  since  the  neutron  detector  efficiency  now  becomes  relevant 
in  this  experiment,  and  for  low  neutron  energies  (below  1  Mev)  the  detec¬ 
tor  efficiency  decreases  with  decreasing  neutron  energy.  The  energies  of 
the  neutrons  feeding  the  3062  Mev  state  for  an  incident  alpha  energy  of 
5o50  Mev  are  given  in  table  2010 

(b)  Method  of  Analysis 

The  experimental  results  were  analyzed  with  the  aid  of  a  SDS-920 
computer,  A  non-linear  gaussian  program  has  been  used  which  fits  the  photo 
peak  with  a  gaussian  distribution  and  subtracts  the  background  from  the 
photo-peak  with  constant,  linear,  quadratic  or  exponential  functions.  The 
parameters  used  to  describe  the  peak  are  the  standard  deviation  and  the 
mean0 

For  the  angular  distribution  results,  the  best  fit  was  obtained  with 
a  quadratic  background  function. 

The  analysis  of  the  n-y  correlation  results  became  difficult  for 
a  gamma  detector  position  of  0°,  Results  were  also  obtained  at  angles  of 
45°  and  90°  and  indicated  a  strong  correlation  for  the  1,59  Mev  gamma  ray, 
with  the  intensity  minimum  occurring  at  0°,  A  strong  correlation  would 
enable  a  clear  cut  decision  to  be  made  with  regard  to  the  spin  of  the  3,62 
Mev  state,  however  the  computer  recognized  a  peak  at  0°  for  only  5  of  the 


13  runs  taken. 
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In  order  to  be  able  to  compare  the  other  8  runs  at  0°  with  the  cor¬ 
responding  runs  at  45°  and  90°,  an  analysis  was  carried  out  using  line 
shape  techniques.  This  type  of  analysis  is  necessary  for  complex  spectra 
since  the  background  underneath  the  photo-peak  to  be  analyzed  may  contain 
the  Compton  edge  from  another  photo-peak.  For  example,  if  two  peaks  P-^  and 
?2  are  separated  by  300  kev,  then  P-^  will  be  located  on  the  Compton  edge 
of  P2.  If  P2  is  a  strong  correlation,  the  intensity  of  it's  Compton  edge 
will  vary  rapidly  with  angle,  hence  the  background  underneath  Pi  is  con¬ 
stantly  changing  with  angle.  By  using  a  line  shape  for  P2,  the  height  of 
the  Compton  edge  is  known  and  can  be  subtracted  from  Pp 

Figure  3.8  illustrates  a  typical  n-y  coincidence  for  which  the  photo¬ 
peak  due  to  the  1,59  Mev  radiation  is  to  be  analyzed.  The  location  of  the 
Compton  rise  of  the  2,43  Mev  photo-peak  is  given  by; 

2,43 

E„  (2 .43)  =  2.43  -  2x2.43  =  2.20  Mev 

l-r  v 

^oc 

The  Compton  edge  of  the  2,43  Mev  photo-peak  is  given  by  A  in  figure  3.8. 

A  line  shape  for  the  2,03  Mev  photo-peak  was  obtained  from  a  Sb124 
spectrum  which  includes  a  gamma  ray  of  2,09  Mev.  The  peak  to  Compton  ratio 
for  the  2.09  Mev  radiation  was  found  to  be  1.6,  the  gamma  spectrum  being 
recorded  by  the  3"x3"  detector  used  in  the  experiment.  The  height  of  the 
2.03  Compton  edge  is  given  by  B  in  figure  3.8,  The  area  of  the  1.59  Mev 
photo-peak  above  B  is  then  used  as  a  measure  of  the  intensity  of  the  1,59 
Mev  radiation  at  that  angle.  No  correction  was  made  for  the  Compton  edge 
of  the  1.79  Mev  gamma  ray  since  it's  photo-peak  intensity  was  observed  to 
be  essentially  constant  with  respect  to  the  angular  position  of  the  gamma 
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3e2  Considerations  based  upon  Preliminary  Results 

On  the  basis  of  the  preliminary  runs  the  following  observations 
were  madej 

(a)  The  photo-tube  for  the  3n*3"  began  to  drift  when  the  number  of  counts 
exceeded  2500  per-second0  To  prevent  appreciable  gain  drift,  the  beam  cur¬ 
rent  was  kept  below  0o15  u-amperes0 

(b)  Because  of  the  low  counting  rate  which  resulted  from  a  reduced  beam 
current,  a  time  of  approximately  45  minutes  was  needed  to  gather  suffic¬ 
ient  data  (  over  200  counts)  for  the  neutron  gated  1059  Mev  photo-peak0 
This  running  time  was  the  maximum  time  possible  since  the  gain  shift  of 
the  photo-tube  became  significant  for  longer  running  times e  Data  was  gath¬ 
ered  at  only  the  three  angles  £  0°,  45°,  and  90°  because  of  the  time  rest¬ 
rictions  o  Each  angular  distribution  run  took  less  than  5  minutes,  hence 

no  gain  shift  problem  was  encountered 0 
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Experimental  Results 


CHAPTER  IV 


4 , 1  Angular  Distribution 


The  measured  angular  distributions  of  the  1028  Mev  and  2o03  Mev 
gamma  rays  are  shown  in  figures  4,1  and  4,2,  respectively.  The  results 
from  previous  work  (Br  57)  are  also  given  for  comparison  purposes.  The 
measured  distributions  for  both  radiations  are  in  good  agreement,  espec¬ 
ially  for  the  isotropic  type  pattern  of  the  1.28  Mev  distribution. 


The  measured  distribution  of  the  1,59  Mev  gamma  ray  is  shown  in 
figure  4,3,  The  predicted  angular  distribution  functions  for  the  two 
possible  spin  assignments,  5/2  or  7/ 2  to  the  3,62  Mev  state  are: 

r  P (r)$  .46+1. 086- . 2  62}  +P(r) {  ,11+. 27  6-o05  62]+P  0i){- ,57-1,35 6-6.26  6 

(1)  W(0)=1+| - 

5/  L  1+62  x  Q2P2cos6 


+  « 37P (j) 62+, 55P  (  j)62- ,  18P (4 )<S2  Q/ P ,  rngfl 


1+6 


(2)  H(Q)-ll[P(^:)^o33'f2cl6'fo0862^  +p(^)t~»19+1.26+.0562}+P(l)(  +  o06-c4l6-o0262) 

„  L  1+  6 2 

7 7 2 


+P(l)i  .45-2,96-, 126 2)  % 2 v 2 c n s 0+6^, 65P (j )  +  , 21P (>^0/,?, 


1+6  ‘ 


1+6  ‘ 


In  order  to  be  able  to  compare  the  predicted  distributions  with 
the  experimental  distribution,  assumptions  concerning  the  population 
parameters  appearing  in  equations  (1)  and  (2)  must  be  made,  Litherland 
has  previously  determined  the  population  parameters  for  the  2,03  Mev 
and  2,43  Mev  states  (Li  60),  and  his  results  are  given  in  Table  4,1, 
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Figo  4,1  Angular  Distribution  of  1,28  Mev  Gamma 


- 


INTENSITY  INTENSITY 


50 


Fig.  402  Angular  Distribution  of  2,03  Mev  Gamma 
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Fig.  A. 3  Measured  Angular  Distribution  of  the  1.59  Mev  Gamma 
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Ea(Mev) 

Ey(Mev) 

Er (Mev) 

p(±1/2> 

P(l3/2)  P(t5/2) 

4.74 

2.03 

2.49 

0,36± .04 

0. 12*04  0.02*. 03 

4.94 

2.43 

2.49 

0,41* ,04 

0.09*. 04 

Table  4.1  Population  Parameters  for  2.03  and  2,43  states 


The  lower  magnetic  substates  are  strongly  populated,  indicating  that 
the  neutrons  with  the  energies  given  by  En  in  Table  4,1,  which  feed  the 
2.03  Mev  and  2,43  Mev  levels,  carry  a  low  angular  momentum,  The  energy 
of  the  neutrons  which  feed  the  3.62  Mev  state  is  substantially  lower 
than  either  of  the  values  of  En  (See  Kinematics  2.2(a)),  and  it  is  rea¬ 
sonable  that  only  the  lower  magnetic  substates  of  the  3.62  Mev  state  be¬ 
come  strongly  populated.  This  is  supported  by  the  measured  distribution 
for  the  1,59  Mev  radiation,  figure  4.3,  which  is  found  to  be  strong, 
indicating  substantial  population  differences  in  the  magnetic  substates 
of  the  3,62  Mev  state.  Using  the  results  of  Table  4.1  as  a  guide,  it 
is  possible  to  choose  a  reasonable  distribution  for  the  population  para¬ 
meters  of  the  3,62  Mev  state. 


Spin  of  3.62  Mev  state 

p(il/2> 

P(i3/2) 

p(*5/2) 

P(*7/2) 

5/2 

0.36 

0.12 

0.02 

7/ 2 

0.35 

0.11 

0.03 

0.01 

Table  4.2  Choice  of  Population  Parameters  for  3.62  State 
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Figures  4,4  to  4.6  show  the  predicted  angular  distribution,  based 
on  the  population  parameters  of  Table  4.2,  for  mixing  ratios  of  | 6 | —0 , 
0,1,  and  0.2, 

Conclusions 

In  the  event  of  a  5/2  **  5 /\  transition  from  the  3.62  Mev  state  to 
the  2,03  Mev  state,  none  of  the  predicted  angular  distributions  are  re¬ 
concilable  with  the  measured  distribution.  For  | 6 | <0 . 4 ,  the  predicted 
distribution  indicated  an  intensity  maximum  for  a  gamma  detector  posit¬ 
ion  of  0°.  This  is  in  contradiction  with  the  experimental  angular  dist¬ 
ribution  which  indicates  an  intensity  at  90°  which  is  almost  twice  the 
intensity  at  0°  (Figure  4.3).  A  value  of  | 6 | >0 0 1  would  be  incompatible 
with  an  El- M2  mixing  ratio,  in  the  absence  of  selection  rules,  which 
could  inhibit  the  El  component  of  radiation. 

For  a  1 / 2  *►  5/2  transition,  the  best  theoretical  fit  with  experi¬ 
ment  is  obtained  for  6-0,  which  is  the  most  probable  value  for  an  El— M2 
mixing  ratio.  As  6  increases  negatively,  the  predicted  distribution 
becomes  somewhat  stronger  than  that  observed  by  experiment.  For  increa¬ 
singly  positive  6,  the  predicted  distribution  assumes  an  isotropic  pat¬ 
tern  for  6aO,15. 

Thus  the  angular  distribution  results  strongly  favor  a  spin  assign¬ 
ment  of  7/ 2  to  the  3,62  Mev  state  and  a  mixing  ratio  close  to  zero  for 
the  resultant  1.59  Mev  gamma  radiation.  Since  assumptions  were  made 
with  regard  to  the  population  parameters  of  the  3.62  Mev  state,  the  res¬ 
ult  is  not  entirely  conclusive c  To  help  remove  any  ambiguities,  the  re¬ 
sults  of  an  angular  correlation  experiment  are  presented. 
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4.2  Angular  Correlation 

The  measured  angular  correlations  for  the  2.03  Mev  and  2.43  Mev 
radiations  are  given  in  figures  4.7  and  4.8,  and  are  compared  with  pre¬ 
vious  results  obtained  by  Litherland  (Li  60).  The  results  from  both  exp¬ 
eriments  essentially  overlap,  however  the  present  experiment  is  not  able 
to  ascertain  an  a^  coefficient  for  the  2,03  Mev  correlation  since  exper¬ 
imental  data  was  obtained  at  only  three  angles. 

The  results  of  5  angular  correlation  runs  at  the  three  angles;  0°, 
45°,  and  90°,  which  were  analyzed  by  the  SDS-920  computer,  and  eight 
other  correlation  runs,  analyzed  by  line  shape  techniques  (3.2  b)  are 
presented  in  'a*  and  ’b’  of  figure  4.9.  The  error  bars  for  the  line  shape 
analysis  have  been  made  equal  to  the  error  bars  determined  by  the  comp¬ 
uter.  Because  the  two  methods  of  analysis  yield  similar  a2  coefficients, 
the  five  computer  analyzed  runs  were  also  analyzed  by  the  line  shape  met¬ 
hod  and  grouped  with  the  other  8  runs.  The  results  of  the  grouped  13  runs 
are  given  in  figure  4 .10  and  will  be  referred  to  as  the  measured  angular 
correlation  of  the  1 0 59  Mev  gamma  ray.  With  experimental  results  at  only 
3  angles,  it  is  impossible  to  evaluate  an  a^  coefficient,  however  for 
the  predicted  angular  correlation,  the  a^  coefficient  is  multiplied  by 
62  and  the  resultant  term  will  be  very  small  if  6  is  small. 

For  pure  s-wave  neutrons  feeding  the  3.62  Mev  level,  only  the  m=±1/2 
magnetic  substates  are  populated.  However  since  the  neutron  detector  sub¬ 
tends  a  finite  angle,  and  p-wave  neutrons,  from  a  possible  2+  resonance 
in  Si30,  could  feed  this  state,  the  magnetic  substates  m=±3/2  may  be 
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Fig.  4.7  Angular  Correlation  of  2.03  Gamma 
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populated „  Because  of  the  low  neutron  energies  involved ,  admixtures  such 
as  d-wave  neutrons  to  s-wave  neutrons  or  f-wave  neutrons  to  p-wave  neut¬ 
rons,  have  been  neglected „ 

If  one  assumes  6=0,  the  results  of  the  angular  distribution  can  be 
used  to  solve  for  P(±1/2)  and  P(±3/2)o  Equating  the  measured  and  predicted 
a.2  coefficients  for  the  1059  angular  distribution,  given  in  figures  4„3 
and  404  respectively,  and  assuming  that  only  the  m=±1/2  and  m=±3/2  magn¬ 
etic  substates  are  populated  so  that  P(±1/2)+P(±3/2)“0o5,  the  population 
parameters  can  be  found 0  The  results  are  given  in  figure  4oll0  It  is 
readily  evident  from  this  figure  that  no  solution  exists  for  the  popul¬ 
ation  parameters  if  the  spin  of  the  3062  Mev  state  is  5/2  since  this 
would  imply  a  negative  value  for  one  of  the  parameters 0  The  simultaneous 
solution  of  the  two  equations  gives  PC1 1/2)ss0°32  and  P(±3/2)=0o18 

Figure  4012  compares  the  measured  correlation  with  the  predicted 
correlation  for  a  spin  of  7/ 2  assigned  to  the  3062  Mev  state0 

Conclusion 

The  final  conclusion  is  that  the  3062  Mev  state  has  a  spin  of  7/ 2 
and  that  the  1059  Mev  gamma  ray  emitted  from  this  state  is  almost  pure 
Elo  An  assignment  of  a  5/2  spin  to  the  3062  Mev  level  is  completely  neg¬ 
ated  by  the  experimental  results  since  there  is  no  mechanism  possible 
to  account  for  the  strong  intensity  at  90°,  compared  to  the  intensity  at 
0°,  which  is  evident  in  both  the  angular  correlation  and  distribution0 
Even  allowing  for  substantial  population  of  the  higher  magnetic  substates 
and  extreme  values  for  the  mixing  ratio  (16 1 < 0 0 4  ),  the  predicted 
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correlation  for  a  5/2‘>5/^  transition  indicated  the  maximum  intensity  sh¬ 
ould  occur  at  0°, 

Although  no  analysis  was  done  on  the  1,79  Mev  radiation  emitted 
from  the  3*07  Mev  state,  the  experimental  data  indicated  that  the  1.79 
angular  distribution  was  weak.  From  stripping  curves  (Ho  53),  the  3.07 
Mev  level  was  ascertained  to  have  a  spin  of  3/ 2  or  5/ 2  and  recent  bran¬ 
ching  ratio  measurements  (Se  59)  have  led  to  the  conclusion  that  the 
spin  is  5/2«  If  spin  of  the  3.07  Mev  state  is  5 / 2,  an  explanation 
for  the  occurrence  of  an  isotropic  distribution  for  the  1.79  Mev  radiat¬ 
ion  would  be  that  a  substantial  admixture  of  E2  radiation  occurs  in  the 
mixing  ratio.  This  is  in  accord  with  the  rotational  character  of  the  low- 
lying  states  in  Si29  and  is  mentioned  further  in  the  discussion  of  results 


in  the  following  chapter. 
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CHAPTER  V 

Rotational  Model  Aspects  of  Si29 

A  spin  assignment  of  7/ 2  to  the  3,62  Mev  level  indicates  that  the 
Si29  nucleus  possesses  a  negative  spheroidicity ,  ie,,  oblate  shape  (see  162) 
It  has  been  previously  been  determined  that  the  nucleus  Al28  has  a  posit¬ 
ive  spheroidicity  which  corresponds  to  a  prolate  shape  (Sh  56) ,  Thus  the 
equilibrium  deformation  of  d-s  shell  nuclei  changes  sign  in  the  mass  reg¬ 
ion  at  A=28, 

p  q 

For  an  oblate  shape,  the  sequences  of  rotational  levels  in  Si^3 
are  based  on  the  K=1/2  ground  state  and  the  K=3/2  state  at  1,28  Mev,  The 
members  of  the  band  are  the  levels  at  2,03  Mev  and  2,43  Mev;  the 

3o07  Mev  state  is  built  on  the  K=3/2  band0  Another  possible  rotational 
sequence  could  originate  from  a  K®1/^  band  based  on  Nilsson  orbit  11 
(102),  however  no  experimental  evidence  for  the  existence  of  this  higher 
lying  sequence,  above  4,5  Mev,  has  yet  been  found,,  The  3,62  Mev  state, 
which  has  been  considered  extensively  in  the  present  experiment,  is  a 
good  single  particle  If7 / 2  state  (le2)0  The  next  odd  parity  level  in  Si29 
which  has  been  observed,  occurs  at  4089  Mev  and  has  been  assigned  a  spin 
of  3 / 2  (Ma  59)o  Theoretical  arguments  (Ch  63)  have  been  given  for  a  spin 
assignment  of  7 I2  and  positive  parity  to  the  4o08  Mev  state  which  would  in¬ 
dicate  it  to  be  a  member  of  either  the  K-V2  or  K=3 / 2  bands. 

The  1,79  Mev  transition  occurs  between  the  3,07  Mev  and  1,28  Mev 
levels  which  are  members  of  the  same  band.  The  weak  distribution  obser¬ 
ved  for  this  radiation,  mentioned  in  4,2,  indicates  a  substantial  mixing 
ratio  which  would  be  in  accord  with  the  rotational  sequence  given  above. 
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The  M1-E2  mixing  is  large  because  E2  enhancement  occurs  between  members 
of  the  same  band  (Br  57), 

It  is  interesting  to  consider  two  other  decay  modes  for  the  3,07 
Mev  state;  those  of  gamma  transitions  to  the  levels  at  2,03  Mev  and 
ground  state,  A  mixing  of  M1-E2  radiation  occurs  for  the  1,04  Mev  tran¬ 
sition  and  E2-M3  mixing  for  the  3,07  Mev  ground  state  transition.  In 
this  experiment  and  also  in  Br-57,  it  was  noted  that  the  3,07  state  dec¬ 
ayed  via  the  2,03  state  approximately  V4  of  the  time,  whereas  no  evid¬ 
ence  for  the  3,07  transition  was  found.  This  would  indicate  that  the  1,04 
Mev  radiation  is  predominantly  Ml  in  nature. 

The  predictions  of  the  Nilsson  generalized  single  particle  model 
with  regard  to  Si29  have  been  found  to  be  strongly  substantiated  by  exp¬ 
erimental  data  gathered  on  the  low-lying  states.  In  this  model,  the  sin¬ 
gle  particle  moves  in  the  field  of  a  permanently  deformed  core  of  Si28, 
which  has  been  found  to  possess  an  oblate  shape  in  the  present  experiment. 
It  would  be  expected  that  as  one  applies  this  model  to  the  higher  levels 
of  Si29,  the  agreement  with  experiment  would  become  less  striking  since 
the  rotational  core-particle  coupling  becomes  appreciably  weaker.  Further 
experimental  data  on  the  higher  levels  would  be  beneficial  in  order  to 
perhaps  measure  the  spatial  extent  of  the  core  field  and  to  understand 
the  origin  of  these  higher  levels. 

Many  nuclei  in  the  ld3/2“2s1/2  shell  have  been  found  to  possess 
low-lying  energy  states  which  originate  from  the  rotational  motion  of 
some  core.  Further  experimental  work  on  these  nuclei  in  the  mass  region 
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A«31  would  prove  interesting,  in  order  to  find  the  limit  of  applicability 
of  the  rotational  model  in  this  mass  region,,  The  existence  of  such  a 
limit  would  then  have  to  be  related  to  the  configuration  of  the  nucleons 
composing  the  nucleus  and  hence  a  further  understanding  of  the  nucleus 
itself  would  be  possible,, 


« 
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Appendix 


We  have,  from  (6)  of  102 

W(6,c)  »  £  II  P(mi)  aLM(c)aLM(c) (L-yLy ' |km) (LLHM* |km') 

m^mf  MM9  kmm9 

yy9 


(1) 


X  Dmm’  (°e°) <;5  fmf  ITl  himi><^ftnf  Tl  3 imi> 


Using  Racah's  notation  (Ra  42),  one  can  introduce  the  V  coefficient 
which  is  given  by 


J-m  -1/2  . 

V(Ji J2J;num2-m)  =  (-1)  (2J+1)  ( J2mjm2 | Jm) 


The  V  coefficient  is  related  to  the  matrix  element  of  (1)  by 


L  3 i"mi  l 

<jfmflT  I j imi>  -  (-1)  <3fllT  I  I J i>  VCjijfLj-mimfy) 


(2) 


The  V  coefficient  can  also  be  related  to  a  Clebsch-Gordon  coefficient 
appearing  in  (1) 


(L-y  Ly’|km)  »  (-l)k+m  (2k+l)1/2  V(LLk;-y-y ’-m) 


(3) 


Putting  (2)  and  (3)  into  (1)  gives 


W(6c)  =  I  I  I  P(mi)a  (c)  a  (c) (2k+l) 1 Dk  , (000) 


mj_m£  MM*  k,mm 

yy  ’ 


LM  LM 


mm 


(4) 


x 


(LLMM'  j  km)  V ( j  -jj  fL;-mjmf y )  V(  j  ij  fL;-mimf  y  9 ) V(LLk;-yy  ’m) 
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The  relation  of  the  V  coefficient  to  the  Racah  coefficient  is  given 
below,  using  Racah* s  notation0 


(-l)^+ri  V(abeja8-e)V(afc;-a<J>Y)  V(fbd;n8-6)  = 


(-l)k+C  a  ^+e+e  w(aefd;bc)  V(edc;=-e6y) 


(5) 


The  elements  of  the  coefficients  are  the  angular  momenta  involved 
in  the  coupling  and  the  magnetic  quantum  numbers 8 
Also  a  phase  relation  between  the  V's  is 


V (j  ij  ikj-m-jmiy)  =  V(j ij ±k;-m±miO)  60my 


Using  (5)  to  write  the  product  of  three  V  coefficients  in  (4)  as  the 
product  of  a  Racah  coefficient  and  a  V  coefficient  one  finds 


W(0c)  =  j  j  P(mi)aT..(c|  Dk  , (LLMM* I  km) (2k+l) 
mH5*  mk  LM  mm 


1/2 


(6) 


x  W(jf jiLkjLji)  VCjijikj-mimiO) 


One  can  eliminate  the  V  coefficient  of  (6)  by  using  (3)  and  this 
yields  the  Clebsch-Gordon  coefficient  (j ij imi-m^ j kp) «  Grouping  the 
Clebsch-Gordon  coefficient  of  (4)  with  the ct'1  s  to  form  the  radiation 
parameter  C^(LL)  gives  (7)  of  lc2e 
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